loid-␤ precursor protein (APP) and in genes of presenilin-1 and -2 in early-onset familial AD [2] . All of these mutations cause increased production of highly amyloidogenic A ␤ peptides that are deposited in the senile plaques.
Increasing evidence suggests that cardiovascular risk factors may play important roles in the development of AD. The apolipoprotein (apo) E4 allele, associated with hypercholesterolemia and coronary artery disease, is a strong risk factor for AD [3] . Recent epidemiological data have indicated an apparent reduction of AD prevalence in people treated with statins, a class of cholesterol-lowering drugs [4] [5] [6] . Prospective studies, however, have produced mixed results on the effect of statins on the development of AD [7] [8] [9] [10] . Furthermore, several observational epidemiological studies examining the association between plasma cholesterol levels and AD have yielded conflicting results [11] [12] [13] [14] . Another risk factor for vascular disease, elevated plasma total homocysteine (tHcy) levels [15, 16] , has also been implicated as a strong and independent risk factor for the development of dementia and AD [17] . Other studies, however, found no association between plasma tHcy levels and AD [18, 19] . In the present study, we examined the association of plasma levels of tHcy and its biological determinants folate and vitamin B 12 with cognitive performance in clinically diagnosed AD patients as well as the correlations between cognitive function and plasma lipid levels in these patients.
Methods

Patients
Cross-sectional database review was performed on two separate groups of patients: one from the Kirklin Clinic at the University of Alabama at Birmingham (UAB) and another one from the Cognitive Neurology Clinics at Emory University. The procedures were approved by the Institutional Review Board (IRB) at UAB and Emory University, respectively.
The UAB group was generated from database review on 971 patients seen in a neurology clinic with a predominant emphasis on memory disorders at the Kirklin Clinic during January 2000 to May 2002. The majority of the patients were female (60%, n = 584) and white (78%, n = 761). All patients received a thorough neurological evaluation. Most patients ( 1 80%) had some kind of memory complaint. Those without a cognitive complaint did not have a thorough mental status evaluation. Those with a memory complaint also received a cognitive evaluation. The cognitive evaluation includes a Mini-Mental State Exam (MMSE) [20] as well as history, exam, laboratory evaluation and neuroimaging. The history was focused on memory loss and cognitive and functional abilities. The exam included a bedside assessment of memory, language, visuospatial function, judgment and insight, mood, thought content, and thought processes. The assessment of memory included short-and long-term memory and response to cuing. It also included general fund of knowledge questions such as 'Who is the president of the United States'. The neurological exam included cranial nerves, motor, sensory, gait and coordination, and reflexes. Laboratory (blood) work was performed to rule out treatable causes of cognitive decline. Neuro-imaging was usually MRI of the head, but occasionally included CT scan only. Neuropsychological testing was also obtained on any cases that were not straightforward or were thought to represent mild cognitive impairment (MCI) [21] . Patients with MCI were excluded from this analysis. Only patients with a diagnosis of probable or possible AD according to NINCDS-ADRDA criteria [22] were studied. These constituted 139 patients (65 male and 74 female).
The non-Caucasian, 54% female) with available tHcy data and diagnosed with probable or possible AD according to NINCDS-ADRDA criteria [22] were included in the analysis.
Measurements of Plasma Parameters
Plasma levels of homocysteine, vitamin B 12 , folate, and lipids (total cholesterol, HDL cholesterol, LDL cholesterol, and triglycerides) were mostly obtained at the CLIA approved laboratory at the Kirklin Clinic (UAB) and the Cognitive Neurology Clinics (Emory). However, when recent data were available from refer- 
Statistical Analysis
Data were expressed as mean 8 SD. Comparisons between groups were performed by two-tailed Student's t test (for normal distributed data) or by Mann-Whitney rank-sum test (for nonnormal distributed data). Simple correlations were determined by Pearson product moment correlation analysis. Associations between MMSE scores (dependent variables) and demographic (i.e. age and sex) and biochemical variables (i.e. plasma tHcy, vitamin B 12 , folate, and lipids) were evaluated by multiple linear regression analysis. The SigmaStat software (SPSS Science, Chicago, Ill., USA) was used for all statistical analyses. p ! 0.05 was considered statistically significant.
Results
Characteristics of Study Populations
The characteristics of recruited patients are shown in table 1 . In total of 191 AD patients with complete MMSE data, plasma total homocysteine data were available for 178 (93%) patients. Vitamin B 12 and folate data were available for 168 (88%) and 144 (75%) patients, respectively. Plasma lipid profiles (total cholesterol, LDL cholesterol, HDL cholesterol, and total triglyceride) were available for 137 (72%), 132 (69%), and 133 (70%) patients, respectively. The mean plasma tHcy concentration for these patients (10.6 8 3.6 mol/l) was within the normal range. Only about 15% (27 of 178) patients had plasma tHcy levels over 14 mol/l. Our patients seemed to have had sufficient supplementation of vitamin B 12 and folate in the diet as shown by their mean plasma vitamin B 12 and folate levels. About 95% (159 of 168) patients had plasma vitamin B 12 levels within or higher than the normal range. Furthermore, about 70% (101 of 144) patients had plasma folate levels over the normal maximum value of 15 ng/ml. The plasma lipid (cholesterol and triglyceride) levels were modestly elevated in this group of patients. In addition, about 19% (36 of 191) patients were receiving different statin treatment (Lipitor, Zocor, Pravachol, or Mevacor).
Comparisons between Male and Female Patients
As AD is thought to be more prevalent in females than in males [23] , variables were compared between the two groups of patients. In all variables obtained, significant differences were found only in plasma cholesterol levels between male and female AD patients ( table 2 ). Female patients had significantly higher plasma levels of total, LDL, and HDL cholesterol than male patients did. However, the ratio of plasma total to HDL cholesterol was higher in male patients than that in female patients (4.5 8 1.3 vs. 3.9 8 1.0; p = 0.006).
Correlations between MMSE Scores and Plasma Variables
Before the relationships between MMSE scores and plasma variables were determined, the correlation between MMSE scores and age was analyzed. As expected, MMSE score were inversely related to age (r = -0.365; p ! 0.001) ( fig. 1 ). Simple correlations between MMSE scores and plasma levels of tHcy, vitamin B 12 , folate, and plasma lipid levels are shown in table 3 . Plasma levels of tHcy were inversely correlated with MMSE score (r = -0.169; p = 0.024). However, the inverse relationship between MMSE scores and plasma tHcy levels became nonsignificant in a multiple regression analysis after adjustment for age and sex ( ␤ = -0.113; p = 0.328) or for plasma 12 and folate ( ␤ = -0.208; p = 0.136). We found that plasma tHcy levels increased significantly with age (r = 0.312; p ! 0.001) ( fig. 2 ). Plasma levels of vitamin B 12 and folate were inversely related to plasma tHcy levels (r = -0.211; p = 0.008 and r = -0.191; p = 0.024, respectively). In addition, plasma levels of vitamin B 12 and folate were correlated positively (r = 0.213; p = 0.013). Plasma levels of total cholesterol, HDL cholesterol, and triglycerides were not associated with MMSE scores either by the simple correlation analysis or by the multiple regression analysis after adjustment for age and sex. However, there was an inverse correlation between MMSE scores and plasma LDL cholesterol levels ( table 3 ) . This inverse relationship persisted in the multiple linear regression analysis after adjustment for age and sex ( ␤ = -0.031; p = 0.02) ( table 3 ). In addition, after adjustment for the status of statin treatment as well as for age and sex, the inverse association between MMSE scores and LDL cholesterol levels became more evident ( ␤ = -0.036, p = 0.007).
Discussion
The results of our study show that cognitive performance declines and plasma tHcy levels increase significantly with age in clinically diagnosed AD patients. Although an inverse correlation between MMSE scores and plasma tHcy was observed in these patients, this relation- Correlation between plasma total homocysteine levels and age in AD patients (n = 178). Plasma tHcy levels increase significantly with age (r = 0.312; p ! 0.001). ship became nonsignificant after adjustment for age. Others also have shown that age was a significant confounder in the relationship between memory scores and plasma tHcy levels [24] . Plasma levels of vitamin B 12 and folate were not related to cognitive performance but were inversely related to plasma tHcy levels. Elevated plasma tHcy levels, a risk factor for cardiovascular disease, have been shown to be associated with an increased risk for dementia and AD. Several reports indicated an inverse association between plasma tHcy levels and simultaneously assessed cognitive function [25] [26] [27] [28] . Two case-control studies showed higher plasma tHcy levels in people with AD [29, 30] . They found that individuals who had elevated serum tHcy concentration ( 1 14 mol/l) were 4.5 times as likely to have AD as were those with low serum tHcy ( ! 11 mol/l). A prospective study also indicated that baseline homocysteine concentrations predicted the risk of incident AD and dementia over an 8-year period in the Framingham Heart Study population [17] . A recent study also reported that homocysteine is an independent risk factor for both dementia and cognitive impairment in a Latino population [31] . Other studies, however, found no significant association between plasma tHcy levels and AD [18, 19, 24] or cognitive function in either cross-sectional [32] [33] [34] or longitudinal [32] analyses. There have been no reports yet on randomized trials of folate and/or vitamin B supplementation in relation to dementia or AD as outcomes.
In the present study, no independent association was found between plasma tHcy levels and MMSE scores in the clinically diagnosed AD patients. However, it is worth to note that mean plasma tHcy concentration for these patients (10.6 8 3.6 mol/l) was within the normal range (6-14 mol/l). Only about 15% of patients had plasma tHcy levels over 14 mol/l. In other studies, the average plasma tHcy levels of patients were significantly higher [17, 30] . Plasma tHcy levels are influenced by vitamin B12 and folate intake. Vitamin B 12 and folate are needed for the conversion of homocysteine to methionine [35] . One possible explanation for lower plasma tHcy levels in our patients could be due to the sufficient supplementation of vitamin B 12 and folate in the diet as shown by their mean plasma vitamin B 12 and folate levels (515.7 8 289.4 pg/ml and 17.1 8 4.2 ng/ml, respectively). While about 94% of patients had plasma vitamin B 12 levels within or higher than the general range of 211-911 pg/ml, all patients had plasma folate levels within the normal range of 2.8-15 ng/ml. Furthermore, about 70% of patients had plasma folate levels over the normal maximum value of 15 ng/ml. Therefore, it is plausible that the correlation between plasma tHcy levels and MMSE scores was obscured in the present study by beneficial vitamin B 12 and folate status. Indeed, it has been observed that the power of using plasma tHcy levels to predict impaired cognition decreases when the status of vitamin B 12 and folate in the patient population improves [36] .
Our study indicated that plasma cholesterol levels, especially atherogenic LDL cholesterol levels, had an inverse relationship with MMSE scores in AD patients. Although some studies found no association between plasma cholesterol levels and the risk for AD [11, 14] , increasing lines of evidence have suggested that cholesterol metabolism plays an important role in the pathogenesis of AD. Epidemiologically, an increase in prevalence of cerebral senile plaques is found in cognitively intact individuals with heart disease compared to agematched controls with no heart disease [37] . The apolipoprotein (apo) E4 allele is a strong risk factor, which is associated with hypercholesterolemia and an increased risk for cardiovascular disease [3] . Hypercholesterolemia has been shown as an independent risk factor for AD [13] . Levels of atherogenic plasma lipoprotein components, LDL cholesterol and apoB, are increased in AD patients and correlate with brain A ␤ levels [38, 39] . Levels of atheroprotective plasma lipoprotein components, HDL cholesterol and apoA-I, are decreased in AD patients [40] . An apparent reduction of AD prevalence is found in people taking cholesterol-lowering drugs [4] [5] [6] . In vitro evidence also supports the role of cholesterol in modulating proteolytic processing of APP and/or subsequent amyloid formation and deposition. The secretion of a neuroprotective fragment of APP from cultured cells has been shown to decrease following an increase in the cholesterol content of the cells [41] . When cellular cholesterol levels are reduced with a cholesterol-lowering drug, the production of A ␤ is inhibited due to changes in enzyme activities that are involved in the proteolytic processing of APP [42] [43] [44] [45] . Experimentally, dietinduced hypercholesterolemia causes A ␤ deposits in the brain of rabbits [46] and accelerates cerebral A ␤ deposition in APP transgenic mice [47] [48] [49] . We have also shown that an atherogenic diet exacerbates cerebral ␤ -amyloidosis and learning deficits as well as induces hypercholesterolemia and aortic atherosclerosis in a transgenic mouse model of AD [50] . The aortic atherosclerotic lesion area positively correlated with cerebral A ␤ deposits in the transgenic mice on both atherogenic and normal diets [50] . In addition, we have shown that lack of the LDL receptor, which causes hypercholesterolemia, aggravates cerebral ␤ -amyloidosis and learning deficits in a mouse model of AD [51] . Recently, we have demonstrated that a statin drug enhances learning and memory in normal aged mice as well as in mice with AD-like pathology [52] .
In conclusion, this study shows cognitive performance deteriorates and plasma tHcy levels increase with age in clinically diagnosed AD patients. The plasma tHcy levels appeared to relate more to aging than to cognitive performance. Cognitive performance was inversely associated with plasma levels of LDL cholesterol independent of age and sex in these patients. Our data support the notion that plasma and/or cellular cholesterol homeostasis plays a significant role in the development of AD.
